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Asymmetric Dark Matter in Extended Exo-Higgs Scenarios
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The exo-Higgs model can accommodate a successful baryogenesis mechanism that closely mirrors
electroweak baryogenesis in the Standard Model, but avoids its shortcomings. We extend the exo-
Higgs model by the addition of a singlet complex scalar χ. In our model, χ can be a viable asymmetric
dark matter (ADM) candidate. We predict the mass of the ADM particle to be mχ ≈ 1.3GeV. The
leptophilic couplings of χ can provide for efficient annihilation of the ADM pairs. We also discuss
the LHC signals of our scenario, and in particular the production and decays of exo-leptons which
would lead to “lepton pair plus missing energy” final states. Our model typically predicts potentially
detectable gravitational waves originating from the assumed strong first order phase transition at a
temperature of ∼ TeV. If the model is further extended to include new heavy vector-like fermions,
e.g. from an ultraviolet extension, χ couplings could explain the ∼ 3.5σ muon g − 2 anomaly.
INTRODUCTION
In Ref. [1], we introduced the exo-Higgs η associated
with breaking a new SU(2)e gauge interaction that we
dubbed exo-spin [since the Standard Model (SM) parti-
cles do not carry SU(2)e charge and this force is outside
the SM]. The model included fermions, exo-quarks Ϙ and
exo-leptons Λ, that can be assigned SM baryon (B) and
lepton (L) numbers, respectively. The quantum numbers
of the exo-fermions were chosen in a way that leads to a
B−L anomaly under SU(2)e gauge interactions. There-
fore, by choosing the parameters of the model to ensure a
first order phase transition, the model could potentially
accommodate the generation of aB−L asymmetry ∆B−L
in the early universe, through the action of SU(2)e exo-
sphalerons. This B−L asymmetry would not be washed
out by the SM sphalerons and can hence remain to be-
come the baryon asymmetry of the universe (BAU).
The above exo-baryogenesis scenario could be real-
ized in close analogy with how baryogenesis could have
worked in the SM, if the electroweak phase transition
were strongly first order and CP violating effects were
more than ∼ 1010 larger (see Ref. [2], for example). How-
ever, the exo-spin sector in Ref. [1] can potentially ac-
commodate the requisite first order phase transition and
significant CP violating effects to yield successful gener-
ation of the observed BAU.
In this work, we minimally extend the exo-Higgs model
[1] by adding a singlet complex scalar χ which carries a
good global symmetry. The addition of χ removes ad
hoc mass scales that appeared in the original exo-Higgs
model and replaces them with the Yukawa couplings of
χ to charged exo-leptons and SM leptons. This scalar
can be stable and provide a viable asymmetric dark mat-
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ter (ADM) candidate [3–6]. We will show that, at typi-
cal strengths, the new Yukawa couplings of χ can medi-
ate the annihilation of χχ∗ symmetric population in the
early Universe, which is a requirement for establishing
the correct ADM abundance. The above new Yukawa
coupling leads to prompt decays of the exo-leptons into
SM leptons. These decays transfer the high scale B − L
asymmetry generated during the SU(2)e phase transition
to the SM sector (see also Ref. [7] for a proposal which
includes some ingredients similar to those in our work).
Since the Yukawa couplings of χ to exo-leptons and
charged leptons are responsible for both the transfer of
∆B−L and effective annihilation of χχ
∗ pairs, as men-
tioned before, at least one of the exo-leptons Λ is re-
quired to have a mass . 1 TeV. Given the requisite non-
zero electric charge of the exo-leptons, their production
at the LHC can go through Drell-Yan processes and lead
to striking large-missing-energy-plus-charged-lepton sig-
nals. Hence, key interactions involved in our baryogen-
esis proposal, namely the aforementioned Yukawa cou-
plings of χ, may potentially be accessible at the LHC,
with a few 100 fb−1 of data. We also note that, as al-
ready pointed out in our previous paper [1], a typical
prediction of our model is potentially detectable gravita-
tional waves at future space-based observatories (see for
example Ref. [8, 9]). These features of our work provide
direct probes of important hypothesized early Universe
processes, very much in the spirit of the original elec-
troweak baryogenesis proposals. We also add that our
model yields a definite prediction for the mass of the DM
state χ, however this feature is shared with various other
ADM proposals.
An interesting question is whether the ∼ 3.5σ devi-
ation of the measured muon anomalous magnetic mo-
ment, gµ− 2, from the SM prediction [10] may be due to
the above couplings of the ADM candidate χ to charged
leptons. We find that the above setup will not provide
the requisite gµ−2 contributions without large couplings
≫ 1, which would not allow reliable estimates. However
it is still possible to explain the deviation in our frame-
2work, once we assume the existence of a new scale of
physics above ∼ few TeV. While this assumption could
seem gratuitous, it is actually a well-motivated exten-
sion of our base model if, as detailed below, we assume
that scalar mass parameters originate from higher scale
symmetry breaking. In that case, one could naturally as-
sume that the exo-Higgs potential scale of a few TeV is
set from a nearby symmetry breaking around O(10) TeV.
One may then expect additional fields, in particular new
heavy fermions, whose mass is endowed by the higher
scale symmetry breaking. With a minimal addition of
such fermions at ∼ few TeV, our model can also account
for the gµ − 2 anomaly. We will provide a simple exten-
sion to that end in the appendix. Hence, in the context
of ultra violet extended exo-Higgs models, the gµ− 2 de-
viation may be the first non-gravitational signal of dark
matter.
Next we will briefly outline the main ingredients of the
exo-Higgs model and minimal extensions of it mentioned
above.
A MINIMAL EXTENSION OF THE EXO-HIGGS
MODEL
The exo-Higgs model was introduced in detail in
Ref. [1]. Here, we only review its main ingredients and
features that will be relevant to this work. The model in-
troduces a new SU(2)e gauge symmetry, exo-spin, under
which all SM particles are singlets, whose gauge bosons
we denote with the symbol ω. The new matter con-
tent includes a scalar doublet η, whose vacuum expecta-
tion value (vev) 〈η〉 ≡ vη/
√
2 breaks SU(2)e, and three
generations of exo-quarks Ϙ and exo-leptons Λ, whose
SU(2)e ⊗ SU(3)c ⊗ SU(2)L ⊗ U(1)Y quantum numbers
are given by
ϘL = (2, 3, 1,−1
3
) ; 2× ϘR = (1, 3, 1,−1
3
) (1)
2× ΛL = (1, 1, 1,−1) ; ΛR = (2, 1, 1,−1) ,
in the implied order. We assign baryon B = 1
3
and lep-
ton L = 1 numbers to exo-quarks and exo-lepton, respec-
tively. The above charges then lead to a B − L anomaly
under SU(2)e.
By complete analogy with the SM, one can write down
various kinetic terms, a potential for η, and Yukawa cou-
plings for Ϙ and Λ fields whose mass will be proportional
to vη. The exo-sector and the SM can be coupled through
the Higgs portal and Higgs-η mixing, as well as mixed
Yukawa terms, for Ϙ and SM quarks q, of the type Hq¯LϘR
and η Ϙ¯LqR. The symmetries of the model do not allow
mixed Yukawa terms for Λ and SM leptons ℓ = e, µ, τ .
However, one can write down mass terms of the type
mΛ¯LℓR, with the mass scale m subject to phenomeno-
logical constraints, but otherwise ad hoc.
We will extend the above setup by introducing a new
field, a complex scalar χ that carries a good global charge
Qχ = +1. We also demand that ΛL,R both have Qχ =
+1. This assignment of charges forbids the above Λ-ℓ
mass mixing term, but one can now write down a new
Yukawa coupling of the type
λℓ χΛ¯LℓR. (2)
We will assume that χ is the lightest Qχ 6= 0 state, and so
it will be a stable particle and a potential DM candidate.
For the sake of completeness, we also mention that as
usual, one can add the new quartic interactions
λχ(χ
†χ)2 + 2kχHχ
†χH†H + 2kχηχ
†χη†η , (3)
to the scalar potential. The mixed terms can in principle
supply the required mass term for χ, after exo-spin and
electroweak symmetry breaking.
We recall that in the exo-Higgs scenario, baryogenesis
proceeds through the generation of a B − L asymmetry
during a first order SU(2)e phase transition [1]. That
asymmetry initially resides in the exo-fermions, but is
then transferred to the SM quarks and leptons in prompt
decays. In particular, Λ → χ ℓ will release lepton num-
ber into the SU(2)e broken phase, which will eventually
result in B 6= 0 through the action of the SM sphalerons.
However, this decay will also inject the net Qχ charge of
Λ into the electroweak plasma through the χ final state.
We would then end up with a net asymmetry in χ parti-
cles, as Qχ conservation forbids their decays.
In the above scenario, if χχ∗ pairs annihilate efficiently,
the remaining χ asymmetry can supply the observed en-
ergy density of DM. Since the number density of χ ADM
and baryons are tied in our model, for χ to have the
correct contribution to the cosmic energy budget it is
required to have a particular mass mχ. To predict the
required value of mχ, we would then need to know the
relation between baryon and χ asymmetries, which we
will derive next.
THE RELATION BETWEEN ∆Qχ AND ∆B
We will assume that all the interactions in the exo-
sector are in thermal equilibrium above the temperature
T ec ∼ vη of SU(2)e phase transition. This is a mild
assumption that can be quite typically realized in our
model. Given the similarity of the exo-Higgs model and
the SM, the calculation of the relation between various
fermion numbers and charges closely follows that of the
SM sector, as detailed in Ref. [11]. In the unbroken phase,
the chemical potentials of the gauge bosons must be zero.
Also Eq. (4) of Ref. [1] yields a zero chemical potential
for η (the chemical potentials of η and η˜ are equal and
opposite). Thus the chemical potentials of ϙL and ϙR and
of ϙ’s in a exo-doublet are the same and will be denoted
3by the symbol µϙ. A similar result applies to Λ’s and
their chemical potential µΛ. This leaves us with only the
following relations:
µdR = µϙ, µuL = µϙ + µ0, (4)
µiR = µΛ − µχ, 3µϙ − µΛ = 0,∑
i
(µiR + µiL) + 3(µdR + µdL)− 6(µuR + µuL)
+12(µΛ + µϙ)− 2µ0 = 0,
where we follow the notation of Ref. [11] for the SM par-
ticles chemical potentials, µχ is the chemical potential
of χ and the last two equations are respectively the exo-
sphaleron and the conservation of the electric charge. Af-
ter solving the system obtained from Eq. (5) and Eqs.
(2) and (3) of Ref. [11], it is easy to obtain ∆B−L and
∆Qχ in terms of the ϙ chemical potential:
∆B−L =
789
19
µϙ, ∆Qχ =
1008
19
µϙ. (5)
We treat the electroweak transition as a smooth cross
over which implies that the SM sphalerons are in thermal
equilibrium after the Higgs gets a vev vH ≡
√
2〈H〉 in the
early Universe. Thus the relation between ∆B−L and ∆B
is the one in Eq. (11) of Ref. [11], and we find
∆Qχ
∆B
=
1036
263
. (6)
The ratio of DM and baryonic energy densities is [10]
ΩDM
ΩB
≈ 5.3 (7)
which, assuming that the χ asymmetry accounts for all
DM, yields
mχ ≈ 1.3 GeV. (8)
The above value of DM mass mχ is a direct prediction of
our scenario, with important implications for the viabil-
ity of the assumed setup.
CONJUGATE PAIR ANNIHILATION OF DM
To link the ADM number density with that of baryons,
we need to make sure that the symmetric DM-anti-DM
population is efficiently depleted. In our model, so far,
there are only two ways for χχ∗ pairs to annihilate:
through the Yukawa coupling (2) or else via interactions
with Higgs or η in Eq. (3). Since we have mχ ≪ vη , vH ,
the quartic χ†χH†H and χ†χη†η interaction must be
suppressed, otherwise m2χ would receive large contribu-
tions without tuning, once H and η condense.
Hence, the Yukawa couplings of χ are the only candi-
dates for efficient annihilations into SM leptons, through
t-channel Feynman diagrams. Since the τ lepton is heav-
ier than χ, e and µ are the only feasible final states. We
have checked, using the MadDM package [14], that the
interaction in Eq. (2), with λℓ ∼ 1 and mΛ ∼ 1 − 2 TeV
can provide a sufficiently large cross section for efficient
annihilation of χ conjugate pairs.
The above possibility is not ruled out by the measured
values of the muon and electron g − 2 [10], as explained
next. In fact, due to the interaction Eq. (2), the aℓ ≡
(gℓ − 2)/2 of a lepton ℓ receives a contribution from the
exo-leptons Λ given by [12]
δaℓ = 2
m2ℓλ
2
ℓ
16π2
∫ 1
0
dx
x2 − x3
D , (9)
where D ≡ m2ℓx2+(m2Λ−m2ℓ)x+m2χ(1− x) and the 2 is
due to the contribution of Λ’s in the same exo-doublet.
In the limit mΛ ≫ mχ ≫ mℓ Eq. (9) becomes
δaℓ ≃ λ
2
ℓm
2
ℓ
48π2m2Λ
. (10)
In Eqs. (9) and (10) we have assumed that the interaction
in Eq. (2) is flavor diagonal and that the exo-leptons in
the same SU(2)e doublet have degenerate masses. How-
ever, these assumptions can be easily lifted provided that
the flavor off-diagonal terms are small enough to avoid
bounds on lepton flavor changing processes like µ→ eγ.
We see that for λℓ ∼ 1 andmΛ ∼ 1 TeV the contributions
to gℓ − 2 are too small to provide constraints.
As mentioned in the introduction, we can accommo-
date the present difference between the measured and
calculated value of aµ, that is δaµ = 276(80) × 10−11
[10, 13, 15], by introducing additional heavy degrees of
freedom at or above a few TeV. The reason the Yukawa
coupling in Eq. (2) yielded a small contribution is due to
a cancellation between scalar and pseudo-scalar contri-
butions to δaµ from that operator [12]. To change this
result, one must induce a new coupling
λ¯ℓχ Λ¯R ℓL (11)
where we have implicitly assumed that the relevant fields
represent mass eigenstates after electroweak symmetry
breaking. One can then show that in this case the con-
tribution to g − 2 is
δaℓ =
m2ℓ(λ
2
ℓ + λ¯
2
ℓ )
8π2
∫ 1
0
dx
x2 − x3
D
+
mℓmΛλℓλ¯ℓ
4π2
∫ 1
0
dx
x2
D . (12)
We see that the second term in Eq. (12) provides the
dominant contribution, and in the limit mΛ ≫ mχ ≫ mℓ
Eq.(12) yields
δaℓ ≃ λℓλ¯ℓmℓ
8π2mΛ
. (13)
4The above contribution can have the correct size to ad-
dress the muon g − 2 anomaly if λ¯ℓ ∼ 10−3, for vη and
mΛ at O(TeV).
Schematically, the interaction (11) is induced by
physics at a scale M, generating the dimension-6 op-
erator
χ(ηΛ¯R)(H
†lL)
M2 , (14)
where lL is a SM lepton doublet. Hence, λ¯ℓ =
vηvH/(2M2) and requiring λ¯ℓ ∼ 10−3 yields M ∼
O(10TeV), which suggests that new states at a few TeV
with reasonable couplings can yield the requisite contri-
bution to aµ. We will elaborate further on this point in
the appendix, where we will give an explicit example of
a UV completion.
LHC PHENOMENOLOGY
In this section, we are interested in exploring the ex-
perimental signatures of our model. To this end it is con-
venient to fix a benchmark scenario for the exo-sector:
mη = 1.5TeV Mass of the η field
vη = 2.5TeV Vev of the η field
mhϘ = 1.5TeV Mass of the heaviest Ϙ
ml
Ϙ
∼ 1TeV Mass of the lightest Ϙ’s
mΛ = 1TeV Mass of Λ’s
ge = 2 SU(2)e gauge coupling,
(15)
where we have assumed a mass hierarchy between one
Ϙ flavor and the other two. We set the parameters in
Eq. (15) to ensure that the phase transition is strongly
first order, namely 3g3e/(16πλη) & 1 where λη is the co-
efficient of the quartic term (η†η)2; see Ref. [1] for a dis-
cussion of a first order phase transition in the exo-Higgs
scenario and Ref. [16] for details. With these param-
eters, the model maintains stability and perturbativity
up to very high scales (∼ 105−6TeV). In particular, the
rather large value of ge assumed in the above benchmark
scenario does not lead to a loss of perturbativity near the
scales of interest in our work. To see this, we note that
αe ≡ g2e/(4π) = 1/π, which is sufficiently small to allow
a perturbative analysis. Also, one can easily check that
the running of ge is governed by a beta-function that is
numerically equal to that of the SM SU(2)L, which is
asymptotically free. Hence, SU(2)e interactions are per-
turbative at the TeV scale and become weaker at larger
scales.
The SM mixes with the exo-sector through a La-
grangian term of the form
Lm = 2kηHη†ηH†H − YϘqη Ϙ¯LdR − YqϘHq¯LϘR,(16)
that could modify the decay rates of the Higgs into glu-
ons, photons and Z’s through loops of Ϙ’s and Λ’s, the
couplings of the Higgs, Z and W to quarks, and induce
FCNC operators in the quark sector. However, we re-
quire that the breaking of the EW symmetry is a direct
consequence of η acquiring a vev, i.e. kηHv
2
η = µ
2
H =
m2H/2, thus the mixing angle between η and H is
tan(2θηH) =
4kηH vH vη
m2η −m2H
, (17)
which yields θηH ∼ 7× 10−4.
The values of YϘq and YqϘ in Eq. (16) can also be eas-
ily set to be small, and the strongest constraint comes
from the assumption that the interactions Ϙ ↔ qη and
Ϙ ↔ qH are in thermal equilibrium at T ec . In particu-
lar we find that the corresponding mixing angle between
Ϙ’s and quarks, θϘ,q, can be set as small as θϘ,q ∼ 10−4.
The Ϙ’s play a fundamental role in the baryogenesis since
they provide a viable source of CP violation, if there is a
sufficiently large hierarchy between the masses of differ-
ent generations of Ϙ’s, and if the mixing matrix has large
enough mixing angles. In particular, depending on the
size of the mixing angles in the exo-CKM, a difference of
O(50GeV) between the masses of the lightest Ϙ’s would
be sufficient. As shown in Ref. [1], Ϙ’s can be looked
for in standard vector-like quark searches at LHC (see
for example Ref. [17]). The current limit on charge -1/3
vector-like quark is around 700 ∼ 800 GeV [18–23].
Unlike in Ref. [1], the exo-leptons Λ are mostly pro-
duced in pairs through Drell-Yan and can decay only
through the process Λ → χℓ. For Λ ∼ 1TeV, the sig-
nal would be a pair of opposite-sign-same-flavor1 leptons,
with pT & a few hundred GeV, and a large missing ET
(MET), which is hard to be missed. Background pro-
cesses in the SM mainly come from the decay of the top
quark and the weak gauge bosons, where the neutrinos in
the decay products may carry a large MET. For this rea-
son we expect the dominant backgrounds to come from tt¯
production, W pair production, and tW associated pro-
duction channels, while those from ZZ and Zγ∗ can be
removed by requiring that the dilepton mass differ from
the Z boson, as demonstrated in an analysis with the
same final state [24]. To briefly estimate the potential
sensitivity, we define the signal region by a set of kine-
matic cuts defined in Table I. The cross sections after
each cut are also displayed. From the results we find
that at the 13TeV LHC with 100 fb−1 we can bring the
background down to about one event, while still having
O(10) signal events. While a more sophisticated study,
possibly including detector level simulation is required to
determine the discovery potential at the LHC precisely,
we do not expect that our conclusion will be changed
significantly.
1 We remind the reader that in this setting we are imposing that
the interaction in Eq. (2) is flavor diagonal.
5Total pT (l1) > 300 GeV pT (l2) > 200 GeV MET> 300 GeV pT (j) < 80 GeV
Signal 0.18 0.18 0.15 0.13 0.13
tt¯ 5403 8.81 2.68 0.13 0.006
WW 724.1 0.55 0.41 0.006 0.006
tW 320.4 1.25 0.19 0.008 0.002
TABLE I: Signal and background cross sections at 13 TeV (in fb) after each cut. pT (l1) and pT (l2) are the pT s of the leading
and the trailing leptons, respectively.
In the scalar sector, the production cross section of η
through gluon-fusion is 6 fb at 13TeV at the leading or-
der, while the next-to-leading order QCD correction will
raise it to ∼ 10 fb. However, it decays into gluons with
a ∼ 98% branching ratio (BR), thus making its discov-
ery particularly difficult [25]. The second largest decay
process of η is into photons, with BR ∼ 0.4%, that could
become a valid search for HL-LHC. Lastly, the produc-
tion cross section of a pair of ω’s is completely irrelevant
at LHC energies, while a 100TeV collider could produce
it with a ≈ 5 fb cross section. For our benchmark param-
eters, ω’s could decay into a pair of Λ’s. Thus, for the
di-ω production channel one of the most interesting final
states will be four hard leptons plus large MET. This pro-
vides a distinct and characteristic signal that can help to
discriminate our model from other new physics scenarios,
and is essentially free of background. All the cross sec-
tions, decay rates, and branching ratios, presented in this
section, were obtained using MadGraph5 aMC@NLO
[26] and MadWidth [27] with a UFO model [28] made
with the FeynRules package [29]. Loop-induced pro-
cesses were computed following Ref. [30], and the cor-
responding counter term was computed with NLOCT
[31].
CONCLUSIONS
In this letter, we presented a simple model addressing
two major problems of cosmology, baryogenesis and the
ratio of DM to baryonic matter energy densities, and
consequently predicting the mass of DM. The model is
an extension of the one presented in Ref. [1], with the
addition of a complex scalar χ, that carries a conserved
global charge Qχ. Requiring that χ is lighter than all the
other particles carrying Qχ, we ensure that χ is a stable
particle and a good asymmetric DM candidate.
It is convenient here to summarize the main steps
of our scenario. Baryogenesis happens at the temper-
ature of the exo-symmetry phase transition that, being
strongly first order, provides one of the Sakharov condi-
tions [32]. The exo-CKM for the Ϙ fermions can be easily
set to be the source of the CP violation, and lastly a net
B − L number is generated by the exo-sphalerons. Dur-
ing this process a net Qχ number is also generated that,
after all the other particles have decayed, is completely
stored in χ particles. This gives us the ratio between Qχ
and B number, and equivalently a prediction for the DM
mass mχ ≈ 1.3GeV.
Our model of baryogenesis yields a phenomenology
characterized by some interesting features that could help
uncover some of its key assumed interactions. In partic-
ular, the economical choice of the DM Yukawa couplings
for both the transfer of asymmetries to the SM and sym-
metric DM population annihilation leads to the predic-
tion that the exo-leptons are quite possibly within the
reach of the LHC in the coming years. These states can
be produced in Drell-Yan processes and yield distinct sig-
nals marked by significant missing energy accompanied
by charged lepton pairs. The requisite strong first order
phase transition in our model can also lead to gravita-
tional wave signals at envisioned observatories. Assum-
ing UV extensions, our setup can result in the modifica-
tion of the muon g − 2, mediated by the DM particle.
Such a deviation may have already been observed and
could be confirmed by a new measurement at Fermilab
in the next few years [33].
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Appendix
Here we consider a simple extension of the model pre-
sented in this letter that could be a good UV completion
for the dimension 6 operator in Eq. (14). Consider a new
vector-like SU(2)L doublet F and a new vector-like sin-
glet ψ with charge Qχ = +1 whose masses mF ∼ mΨ ∼
few TeV are generated by some high scale physics. The
interactions of these fermions with the leptons in the exo-
SM sectors are given by the Yukawa terms
λFχF¯RℓL + λψχψ¯LℓR (18)
+ (Λ¯L, F¯L, ψ¯L)

 mΛ y1H mψΛ0 mF y2H
y′η y3H mψ



 ΛRFR
ψR

 ,
6where for simplicity we suppressed the family indices.
mψΛ can in principle be generated by the same physics
that gives masses to F and ψ. As a benchmark, we use
Eq. (15) with the appropriate modifications/additions:
we take mΛ = 1.4 TeV, so that after diagonalization its
mass is∼ 1 TeV,mF = 3.5 TeV,mψ = 4 TeV,mψΛ = 0.6
TeV and yi = 0.2 and y
′ = 1. Thus the correction δaℓ to
the leptonic g − 2 for λℓ = λF = 1 and λψ = 0 is
δaℓ ∼ 2.6× 10−9. (19)
Finally, one can ask if these new fields can destabilize the
EW vacuum or push the weak coupling to become non-
perturbative, since they couple to both SM Higgs andW
bosons. One can easily check that the above model does
not lead to a change in the sign of the SU(2)L coupling β
function. Also, new Yukawa couplings of ∼ 0.2 would not
affect the vacuum stability of the SM Higgs appreciably.
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